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Abstract: There is enormous interest in visualizing the chemical composition of organic material
that comprises our world. A convenient method to obtain molecular information with high
spatial resolution is imaging mass spectrometry. However, the internal energy deposited within
molecules upon transfer to the gas phase from a surface can lead to increased fragmentation
and to complications in analysis of mass spectra. Here it is shown that in laser desorption with
postionization by tunable vacuum ultraviolet (VUV) radiation, the internal energy gained during
laser desorption leads to minimal fragmentation of DNA bases. The internal temperature of
laser-desorbed triacontane molecules approaches 670 K, whereas the internal temperature of
thymine is 800 K. A synchrotron-based VUV postionization technique for determining
translational temperatures reveals that biomolecules have translational temperatures in the
range of 216-346 K. The observed low translational temperatures, as well as their decrease with
increased desorption laser power is explained by collisional cooling. An example of imaging mass
spectrometry on an organic polymer, using laser desorption VUV postionization shows 5 um
feature details while using a 30 um laser spot size and 7 ns duration. Applications of laser
desorption postionization to the analysis of cellulose, lignin and humic acids are briefly
discussed.
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Introduction

Imaging the chemical composition of material that comprises our world is of great interest
in understanding and preserving it. Developing new microscopies to detect and identify organic

molecules with high spatial resolution will afford the necessary molecular specificity to probe



complex nano-scale chemistry. For instance, visualizing the organic composition of atmospheric
aerosol particle surfaces can promote understanding of the critical roles aerosols play in global
climate changem and on the radiative balance and chemistry of the troposphere. Biological
molecules are critical determinants in the structure and dynamics at boundaries of different
cellular structures.”” These molecules play important roles in the regulation of both intra- and
inter-cellular processes, including metabolic activity, protein synthesis, host—pathogen
interactions and cell motility. Many of these cellular processes involve reactions over different
spatial locations or chemical gradients, for example, within a lipid biIayer.B] The development of
chemically sensitive methods to image the distribution of small molecules in cells would provide

a key experimental tool.

Biological systems are now being viewed both as possible sources of alternative energy and
environmental bio-remediation. For instance, plant based lignocellulosic material are being seen
as potential biofuels,' while different bacteria are being considered for environmental bio-
remediation.” Interestingly, similar types of molecules that are present on the surfaces of
different biological systems, such as fatty acids, long chain linear and branched hydrocarbons,

(6,7

and a variety of oxidized hydrocarbon species,”™ ** are also thought to be present on the surfaces

of tropospheric aerosols.®*% Furthermore, similar molecules are thought to be prevalent in soil

(12,121 914 it would be beneficial to have access to a set of tools which will allow

organic matter
visualization of these molecules. Towards this end, laser desorption mass spectrometry coupled
to synchrotron vacuum ultraviolet (VUV) postionization is being developed. Single photon
ionization (SPI) with VUV radiation, when combined with high spatial resolution, could offer

unprecedented chemical specificity for mass spectral imaging of organic structures and surfaces.

In an effort to understand VUV photoionization of the kinds of molecules expected to be
important in biological systems, aerosols, and soil organic matter, a number of test molecules,
ranging from DNA bases, soil extracts (humic acids), plant biopolymers, and long-chain
hydrocarbons, were selected for study. To fully exploit the chemical specificity of SPI for mass
spectral imaging, the fragmentation of the parent cation must be minimized. Preserving parent
molecular ions in a mass spectrum is essential for generating chemically detailed maps of
complex samples. It is well-known that the amount of fragmentation in a mass spectrum is

extremely sensitive to the amount of internal energy within the parent ion or neutral



molecule.** Clearly, threshold ionization reduces the amount of fragmentation in a mass

spectrum by minimizing the internal excitation of the molecules during the ionization step.[lsl

For large molecules (long-chain hydrocarbons or biomolecules), the internal energy
imparted to the neutral molecule in order to introduce it into the gas phase is equally as
important as the energy imparted upon photoionization. In order to preserve the fragile
molecular ion, supersonic jet cooling of the internal degrees of freedoms is usually required.[16’
I Since supersonic jet cooling cannot be easily incorporated into surface imaging experiments,
the internal energy of the ion or laser desorbed neutrals could pose a significant problem in
imaging mass spectrometry. To evaluate this potential obstacle, experiments were conducted by
combining laser desorption with VUV postionization. These experiments will show that the
neutral molecule can be detected via its parent molecular ion with high signal-to-noise-ratios
and that the degree of fragmentation can be finely controlled or, in some cases, eliminated

entirely.

Early reviews of attempts to quantify energies imparted into molecules formed in laser
desorption are provided by Levis and Hanley.[ls' 91 Molecular-level understanding of desorption
processes, particularly as applied to MALDI, using molecular dynamics simulations and
experiments have been attempted by Knochenmuss, Zhigilei, Garrison and co-workers.1?>%%
Desorption dynamics have also been examined using a number of different techniques,
particularly with relevance to organic aerosols, where the ionization step is separated from the
desorption step of the experiment.[23'26] Very recently, the internal energy of tryptophan and
thymine formed upon ion-sputtering was quantified, and similar methods will be used here to

.. . . 14
ascertain internal energies from laser desorptlon.[ ]

Results and Discussion
Internal energy

Previous VUV secondary neutral mass spectrometry (VUV-SNMS) experiments have revealed
that neutral biomolecules released from a surface after sputtering by 25 keV Bi;" ions have
about 2.5 eV of internal energy.[M] While such high-energy ion beams are well-suited for high
spatial resolution imaging down to 100 nm, this energy can vyield significant amounts of

molecular fragmentation. In this study, the energies imparted into neutral molecules desorbed



by a 349 nm laser are investigated using two different methods: one by utilizing fragmentation

ratios and the second by measuring appearance energies of fragments.

Internal energy from fragmentation ratios. For the measurement of internal energy of
hydrocarbons, the unbranched, long-chain hydrocarbon triacontane (C3oHs;) was chosen.
Previously it was observed that the level of fragmentation of the parent molecule from pure
triacontane aerosols strongly depends on the temperature at which the aerosols were flash
vaporized.[lsl The dependence of the parent molecule fractional population on temperature
with 10.7 eV photoionization was also determined (see Figure 2 in reference 15). Using this
dependence, triacontane could be used as a molecular thermometer by observing the ratio of
the parent and fragments and fitting the obtained fractional population into the calibration

curve.

Due to the very different experimental conditions used in reference 15 and in this work
(evaporation of aerosols vs. desorption from a bulk surface), the applicability of the aerosol
curve relating parent molecule fractional population to molecular temperature was verified. A
few milligrams of triacontane were placed on a heating/cooling stage inside of the experimental
apparatus and heated to 333, 353 and 373 K. The mass spectrum, recorded for triacontane
evaporated at 373 K and postionized with 10.5 eV synchrotron VUV radiation, is shown in Figure
1(a). The mass spectrum has a strong peak at m/z=422, corresponding to the triacontane parent,
and a number of peaks with lower m/z, the intensities of which are much smaller than the
intensity of the parent peak. The elevated baseline following the parent peak is due to the
continuous postionization of evaporating triacontane by the quasi-continuous synchrotron VUV

radiation.

For an evaporation temperature of 373 K, the parent constitutes 73% of the total signal and
the fragments make up 27%. The good correlation of these values, as well as those at 333 and
353 K, with the values obtained from the aerosol experiment is shown in Figure 2. This assures
the applicability of the temperature dependence of the triacontane fractional population

obtained in reference 15 to the current experiment.

The mass spectrum obtained for laser-desorbed triacontane is shown in Figure 1(b). For the
collection of the mass spectrum, a 5 us extraction pulse was applied to the ion optics 1 ps after
the desorption laser pulse. 10.5 eV synchrotron VUV radiation was used for postionization. In

this case, most of the triacontane parent is fragmented, and the mass spectrum exhibits a



fragmentation pattern dominated by sequential elimination of CH,. The fractional populations in
this case are 0.09 for the parent molecule and 0.91 for the fragments. These values are fit to the
fractional population dependence curve shown in Figure 2. The temperature corresponding to
the observed laser-ablated triacontane fractional population corresponds to an internal

temperature of 670 K.

In order to determine the corresponding energy for an internal temperature of 670 K, the
average vibrational energy of triacontane is approximated by a collection of harmonic

. 13,14
oscillators:*> 4

D (1)

The molecular structure of triacontane was optimized and the vibrational frequencies were
computed using Gaussian 03" structure calculation software at the B3LYP/6-311G level of
theory. Using this approximation, it was found that the temperature of 670 K corresponds to an
internal energy of 4.6 eV. This value of internal energy arises due to the large number of

vibrational modes for triacontane (270 vs. 39 vibrational modes for thymine).

Internal energy from appearance energies of fragments. For laser-desorbed thymine
(CsHgN,0,), a different approach was used to measure the internal energy. In this approach, the
energy tunability of the synchrotron VUV source was utilized to collect mass spectra at various
photon energies. The signal intensities from the molecular parent (m/z = 126) and the main
fragment of thymine (m/z = 83) are then plotted versus photon energy to produce their
photoionization efficiency (PIE) curves. PIE curves of the parent and fragment of thymine are

shown in Figure 3.

The first set of data in Figure 3, shown by a black solid line, corresponds to PIE curves of low-
internal energy thymine molecules generated in a molecular beam.!® % Briefly, thymine was
heated to 490 K and expanded together with argon (backing pressure of 34.7 kPa) through a 100
pum nozzle into vacuum, which led to adiabatic cooling of the thymine molecules. The
experimental conditions in the molecular beam experiment were roughly comparable to the
conditions used by Amirav et al.,, who observed a vibrational temperature below 50 K for

molecules with similar weight.BO] The onset of the PIE curve of the thymine parent (Figure 3(a)),



corresponds to an adiabatic ionization energy of 8.95+0.05 eV,® which correlates well with
previous mass analyzed threshold ionization® (8.9178+0.0010eV) and VUV-SPI (8.87+0.05 eV
and 8.82+0.03 eV[34]) experiments. Two signal spikes, observed in the region from 11.6 eV to
11.9 eV are due to two absorption transitions of argon used in the gas filter (at 11.62 and 11.83
eV). A correction of signal intensity using measured VUV photon fluence leads to the

appearance of the observed discontinuity.

The thymine fragment C4HsNO (m/z=83) appears in the mass spectrum upon loss of HNCO

(isocyanic acid). Its appearance energy is 10.95+0.05 eV (see Figure 3(b)).

In order to obtain PIE curves of thymine which have more defined temperature conditions,
the thymine film sample was placed on a heating/cooling stage and heated to 313 K inside the
imaging apparatus. PIE curves obtained in this case using VUV ionization are shown in Fig. 3 by
filled black circles. A good correlation of the PIE curves of thermally evaporated thymine to
those from the molecular beam is immediately observed, demonstrating the small effect that

the temperature increase to 313 K has on the PIE curves.

Laser desorption PIE curves for thymine and its fragment m/z=83 are shown in Figure 3 by
open squares. The ion extraction pulse was applied 2 ps after the laser desorption pulse.
Desorbed neutral thymine molecules were postionized with tunable VUV radiation. The PIE
curve for the parent is very similar to PIE curves for molecular beam and thermally evaporated
thymine in the energy range between 8.0-10.6 eV. Above 10.6 eV, the PIE curve for laser
desorbed thymine starts to deviate from the thermally evaporated thymine’s PIE curve. It has
been observed previously that the increase of internal energy of different molecules has very
low if any influence on the ionization energy of the parent molecule.™® 3 3¢ gych negligible

thermal effects on the ionization energy have also been observed for thymine.[M]

The ion signal curve for the laser-desorbed thymine fragment m/z=83 differs from those
observed in the thermal evaporation and molecular beam experiments. The onset of the signal
for laser desorption is around 10.2 eV, and is different from the 11.05 eV of thermally
evaporated molecules and 10.95 eV for molecules in the molecular beam. The curves have
similar shapes but in the case of laser desorption, the onset is red-shifted by 0.85 eV. This shift
correlates well with the PIE curve shape observed for the parent starting from 10.6 eV and is

due to the fragmentation of the parent ions into m/z=83 mass channel.



While the increase of internal energy has a negligible effect on the ionization energies, it
leads to noticeable change in the fragment’s appearance energy.[35'37] It has been shown that
the thermal (internal) energies, stored in the molecule and the energy added by photons, are
equivalent in regard to dissociative photoionization.[37] This would suggest that the increase of
temperature of the parent molecule will eventually lead to a shift of the appearance energy of

the molecular fragment by the value equal to the change in internal energy.

To determine the internal energy that corresponds to a shift of 0.85 eV in the appearance
energy relative to thermally evaporated appearance energy, an approximation shown in
equation (1) is used. The vibrational frequencies of thymine were computed using B3LYP/6-
311+G(d, p) level of theory using optimized molecular structures obtained with same level of
theory. The internal energy of thymine thermally evaporated at 313 K according to (1) is 0.15
eV. Similarly, the internal energy of laser-desorbed thymine is 1.00 eV, which corresponds to an
internal temperature of 800 K. One should note here that the temperature of 800 K is a lower
limit of the internal temperature, corresponding to the case when 100% of vibrational excitation
goes into the dissociation of thymine molecules. When this process is less effective, higher

internal energy is required to explain the observed shift in the experimental PIE curve.

Desorption dynamics and translational temperature

The translational temperatures of laser-desorbed neutral molecules were also measured to
provide a better understanding of the desorption dynamics. In Figure 4, time of flight (TOF)
distributions measured for adenine (CsHsNs), thymine (CsHgN,O,), cytosine (C4HsNsO) and uracil
(C4H4N,0,) are shown. All four distributions have a similar shape, but different starting times,
varying from ~44 ps for cytosine to ~50 us for adenine. These differences in starting times
correlate well with the different masses of the molecules. Adenine has a mass of 135 Da,

thymine — 126 Da, cytosine — 111 Da and uracil — 112 Da.

For analysis of the TOF distributions, a half-space Maxwell-Boltzmann distribution was used.
In order to directly fit the obtained experimental TOF curves, the Maxwell-Boltzmann

distribution was modified to account for the TOF conditions:
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It)~ = exp| - - - + baseline. (2)
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Here L is a distance between the surface and ionizing VUV beam, m is the mass of the
molecule, k is Boltzmann's constant, T is the molecular plume translational temperature, t
corresponds to time of flight and t, appears in the equation because the start point of the TOF
distribution is shifted during the flight in a TOF-mass spectrometer and is not equal to 0 ps. A
baseline term appears in the equation to account for background signal and for the broad peaks

produced by molecular fragments that overlap with the analyzed parent peak.

The fitted curves, obtained for the experimental data used eq. (2) are shown in Figure 4. The
excellent fit of the measured spectra with the idealized Maxwell-Boltzmann distribution
suggests that the molecules in the desorbed molecular plume have well-defined translational
temperature. The temperatures obtained from the fits are: 216 K for adenine, 329 K for
thymine, 346 K for cytosine and 298 K for uracil. Using these temperatures, one can derive the
mean and most probable translational velocities. The values of the velocities for the molecules
investigated in this work are shown in Table 1, together with their translational energy values. It
is immediately apparent that the translational energies are quite low and are in range of few
tens of meV. The mean translational velocities for all four bases are comparable and for three of

them lie in range of 235-257 m/s and only adenine has a lower velocity of 184 m/s.

Comparably low velocities were observed previously for laser-desorbed biomolecules.
Spengler et al. found out that the translational temperature for tryptophan (m/z =204) in their
experiment was about 300 K,*® which corresponds to a mean velocity of 176 m/s. Tsai et al.
demonstrated that in their experiment the velocity distributions of tryptophan and 2,4,6-
trihydroxyacetophenone (THAP) cannot be fitted by a single Maxwell-Boltzmann distribution.””!
Instead, they used three Maxwell-Boltzmann distributions to fit the experimental curve. The
most probable velocities for these distributions were 61, 154 and 287 m/s for tryptophan and
127, 258 and 503 m/s for THAP. In the investigation of laser ablation of tryptophan-glycine (Trp-
Gly), Elam and Levy observed a variety of average translational velocities and temperatures,

depending on the experimental conditions. They noticed that the average velocity was in a

range of 440 to 570 m/s for Trp-Gly film with addition of 0.1% of R6G laser dye. For the neat Trp-



Gly films the average velocities were found to be larger, in the range of 670 to 820 m/s.1%

Engelke et al. determined the velocity distribution of phenylthiohydantoin-glycine (m/z=192),
which has a mean translational velocity of 17717 m/s."*" Huth-Fehre and Becker measured the
velocity distributions of neutral gramicidin S (m/z=1141) and ferulic acid (m/z=194), the latter of
which was used as a matrix in their study.[42] They observed almost identical velocity
distributions for both of these substances, despite their very different masses, with the

maximum of the distribution peaking between 300 and 400 m/s.

As is apparent from these previous works, there is no dependence observed in the
translational velocities of different desorbed molecules on their mass. The translational
velocities found in previous investigations and in the present study lie in range of several

[40]

hundred meters per second, and as shown in ref.” and discussed below, they depend

considerably on the experimental conditions.

Collisional cooling in laser desorption

To understand the effect of desorption laser power on the translational temperature of
molecules, the TOF distributions were measured for adenine coatings at four different laser
peak power densities. The two resulting TOF spectra are shown in Figure 5 (a,b). The laser peak
power densities used in these measurements are 451 MW/cm? for Fig. 5(a) and 194 MW/cm? for
Fig. 5(b). The fit of the obtained TOF distributions with the Maxwell-Boltzmann distribution, eq.
(2), revealed translational temperatures of 140 K and 208 K for high and low laser peak power
densities, respectively. The translational temperatures of adenine molecules at four different
desorption laser peak power densities are shown in Figure 5(c). The dependence is obtained for
two sets of data and is shown together with the standard deviation of the measurements. A
roughly linear decrease of translational temperature with an increase of desorption laser peak
power density is observed. This counterintuitive behavior, when the lower translational
temperature corresponds to higher desorption laser power, could be explained by the collisional
cooling in the laser-desorbed molecular plume, when the stronger laser pulse desorbs a larger

number of molecules, which subsequently leads to a larger number of intermolecular collisions.

Previously in molecular beam experiments, it was found that increasing the pressure of the
gas which will expand leads to an increase in the number of collisions between the gas atoms or

molecules and improved cooling of translational, vibrational and rotational degrees of



freedom.™® *> 1 Since a similar cooling effect may be occurring during laser desorption, it is
instructive to estimate the number of adenine molecules desorbed by a single laser shot from
the sample surface and compare it to a model molecular beam experiment during a time

interval typical for laser desorption.

To estimate the number of laser desorbed molecules one can use the following equation:

Nt

YR (3)

where N is the number of molecules of the substance, which has volume V, density p and molar
mass M. N, corresponds to the Avogadro constant. To find the volume of adenine, which is
desorbed by a single laser pulse, a combination of optical and atomic force microscopies and
optical surface profilometry was used. During sample preparation it was discovered that
adenine did not form a homogeneous layer within the samples, but tended to coalesce into
microcrystals with size of several microns. The volume of the crystals and the density with which
they cover the sample surface was estimated using the techniques mentioned above. These
techniques revealed that the average height of the adenine microcrystals was 0.9 um and that
only about 30% of the sample surface was covered by adenine crystals. The size of the laser spot
was determined using optical microscopy to have a diameter of 30 um. From this, the number of
adenine molecules which can be desorbed from the sample surface by a 30 um laser spot size
was determined to be 1.36 10" molecules. The desorbed molecule signal decay time profile
suggests that approximately ten laser shots were required to desorb all adenine from the

11 .
sample surface. Hence 1.36 10"~ adenine molecules were desorbed per laser shot.

To model the laser desorption experiment as a molecular beam, the following
approximation can be used. For a perfect gas (the conditions inside of the gas container with a

nozzle can be approximated as a perfect gas) the equation of state is:
N
p=—kT, (4)
%4

where p is a pressure of the gas, N is number of molecules of the gas, V is the volume, T is the
temperature, and k is Boltzmann’s constant. Using equation (4) the number of molecules N can
be estimated. Ambient conditions will be used for the pressure and temperature of the gas (101

kPa and 300 K, respectively). To find the volume of the gas V, the nozzle is approximated as a

10



cylinder. In this case, the diameter of the cylinder (nozzle) corresponds to the 30 um diameter of
the laser desorption crater. The height of the cylinder equals the product of gas velocity and
time. A desorption laser pulse width of 7 ns is used in this calculation. The most probable speed
(vprob=(2kT/m)1/2), obtained from the Maxwell-Boltzmann distribution for room temperature
adenine gas is used as the velocity and is 192 m/s. This calculation estimates 2.3 10" adenine

molecules escaping through a 30 um nozzle during 7 ns.

These two rough estimations give approximately the same order of magnitude for the
number of molecules escaping from either the surface of a sample or through a nozzle during a
similar time. Thus collisional cooling, widely observed in molecular beams, should play a
significant role in the case of laser desorption as well. This cooling leads to a decrease of the

translational temperature and should subsequently lead to a reduction of internal energy.

Previously it was observed that increasing the laser fluence led to an increase in the number
of desorbed species, and this agrees well with the collisional cooling in the laser desorption
plume proposed above. Puretzky et al. and Ermer et al. observed an increase of ion desorption
yield of two MALDI matrices, 3-hydroxypicolinic and 2,5-dihydroxybenzoic acids,
correspondingly, with increase of laser fluence.[*> “¢! Krajnovich in his investigation of laser
sputtering of highly oriented pyrolytic graphite[m has observed an increase of flux of desorbed
neutral atomic carbon and carbon dimers and trimers with increasing laser fluence. He also
observed that the mean translational energy of these species grew with an increase in laser
fluence. Similar behavior of translational energy was observed by Georgiou et al. for ablation of
chlorobenzene films."*®! On the contrary, Grivas at al. stated that the Knudsen layer temperature
(translational temperature in the vicinity of the surface area of the laser irradiated material) of
polyarylsculfone films decreased with increasing laser fluence.* They explained this behavior
as we do here, that increasing number of collisions among the desorption products, when

fluence is increased, led to enhanced collisional cooling.

Imaging Mass Spectrometry

The ultimate aim of these dynamics and energy studies is to provide a knowledge base and
an experimental platform to perform imaging mass spectrometry using laser desorption with
VUV postionization of fragile organic molecules. Towards this end, a surface scan of a test

sample was undertaken. The optical microscope image of the sample surface is shown in Figure
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6 (a). The sample is a silicon wafer covered with a photoresist polymer etched with features of
different sizes. The sample field of view shown in Figure 6(a) is 700 um x 700 um, and the
smallest features are 5 um in size. The mass spectrum of the laser-desorbed photoresist with
photoionization with 10.5 eV synchrotron radiation is shown in Figure 7(a). The spatial
distribution of a peak of average intensity in the mass spectrum (m/z=165) is shown in Figure
6(b). For the scan, 256 laser shots per surface spot and 5 um step sizes between spots were
used. The laser power was chosen such that no silicon ablation was observed. For the detection

of Si signal in the mass spectrum, significantly higher laser intensity is required.

Comparison of the optical microscope image of the sample (Fig. 6(a)) with the laser
desorption image (Fig. 6(b)) shows very good agreement and reproducibility of even the
smallest features. Optical microscopy revealed that the size of the laser desorption spots over
the polymer is about 10 um. This can also be observed in cross-sections A and B (shown in
Figure 6(b)) of the laser desorption image, intensity profiles of which are shown in Figure 7 (b,c).
For comparison, idealized profiles of the photoresist on the surface of the silicon wafer are also
shown in Figure 7(b,c). In Fig. 7(b) one may see that the experimental profiles have
approximately a Gaussian shape. To test the size of the laser beam, the profile of an ideal
feature (shown by black solid line in Figure 7(b)) was convoluted by a Gaussian with 10 um full
width at half maximum. The resulting curve (dashed line in Fig 7(b)) demonstrates perfect
agreement with the experimental data and proves that the laser desorption spot size in this

experiment reaches 10 um.

This may be surprising since a 30 um laser spot size, observed for biomolecules, is reduced
to 10 um over the polymer film. This is due to the Gaussian spatial profile of the laser irradiation
intensity, which leads to the following dependence of the squared spot diameter D on the

- 50, 51
maximum laser pulse peak power REEE

D? =2w? In(:)—o), (5)
th

where w is the actual beam radius and Py, is the threshold fluence for the material. Figure 7(d)

shows a linear dependence of the experimental squared spot diameter on the laser peak power

in a semilog plot and could be fit with eq. (5). This means that choice of low laser powers will

lead to an decrease of laser spot size and subsequently to an increase of imaging spatial

resolving power. The Py, value is dependent on the particular compound being investigated, and
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can account for the larger spot sizes observed over the biomolecules compared to the polymer

photoresist.

It is interesting to note, that previously in laser ablation, laser craters as small as 0.7 um
were observed on high thermal conductivity samples upon 248 nm excimer laser irradiation with
a 5.6 um spot and 25 ns pulse.[sz] The experiments described here, while conducted on low
thermal conductivity samples, do show similar behavior and the features smaller than the laser
spot size can be resolved. We believe that with a judicious combination of laser spot size and
fluence, VUV postionization imaging mass spectrometry will not be limited by diffraction spot
size and sub-micron resolution can be achieved. Efforts in this direction are underway. There is
however a caveat, as has been shown in the previous discussion on collisional cooling, increasing
peak power density leads to enhanced cooling and lower translational energies. However this

will lead to larger spot sizes.

A new laser desorption VUV postionization imaging technique and its applicability for
imaging of small features on a polymer surface have been demonstrated. This will find
application in imaging of a number of biological and geological systems. Recently it has been
used to study the effect of antibiotics on bacterial bio-films.** With the methods described
here, it is anticipated that chemical composition and change within real-world environmental

samples can be visualized with molecular specificity.

To illustrate the capabilities of this method for chemical analysis, representative mass
spectra from lignin, cellulose and an extracted soil sample (Suwannee River humic acid) using
laser desorption with VUV postionization are shown in Figure 8. This chemical information,
when combined with molecular imaging,[54] will provide valuable new information for studying
chemically heterogeneous systems. These systems were chosen to show that tunable VUV
coupled with laser desorption is capable of detecting molecular masses between 200-500 Da.
While MALDI has been utilized to study many biological systems, there are few techniques that
can be applied to small molecules in native environments, as pointed out recently in a review.>”
Furthermore, previous attempts at laser desorption ionization on similar systems showed
extensive pyrolysis type phenomena and fragmentation of molecules.”**Y A recent imaging
study using MALDI to investigate cellulose in poplar stem has shown that biological matrix

effects from lignin and hemicelluloses reduced the sensitivity towards detection of cellulose.®™
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It is believed that the techniques described here will provide a new way to visualize organic

matter with molecular specificity.
Conclusions

Imaging mass spectrometry, utilizing laser desorption of molecules and subsequent synchrotron
VUV postionization has been developed at the Chemical Dynamics Beamline at the Advanced
Light Source. We characterized this technique by analysis of internal and translational
temperatures of laser-desorbed molecules. Two independent techniques show that the internal
temperatures of a linear long-chain hydrocarbon and DNA and RNA bases range from 670-800 K.
The translational temperatures for DNA and RNA bases are lower and lie in the range of 216-346
K. A dependence of translational temperature on desorption laser power was observed and
explained by effective collisional cooling of desorbed molecules. The number of molecules
desorbed by a single laser pulse is estimated and compared to the number of molecules
expanded during a typical molecular beam experiment under comparable conditions. Estimation
of a similar number of molecules under both cases suggests efficient cooling during laser
desorption. Initial application of laser desorption imaging mass spectrometry to a polymer
pattern on silicon demonstrates its ability to resolve 5 um features on the sample surface with a

30 um laser spot size and 7 ns duration.
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Experimental Section

The experiment is performed on a secondary ion mass spectrometer (SIMS) coupled to the
Chemical Dynamics Beamline (9.0.2) at the Advanced Light Source. The experimental apparatus
is essentially the same used recently for the investigation of fragmentation mechanism of lignin
monomers coniferyl and sinapyl alcohols.”® That apparatus was equipped with a desorption
laser allowing synchrotron VUV laser desorption postionization mass spectrometry (VUV-LDPI
MS). The laser used for the experiments is a 349 nm Nd:YLF laser, which is triggered externally

by the SIMS apparatus master-clock and typically runs at 2500 Hz.

The laser and its focusing optics are mounted directly on the SIMS apparatus so that the
laser beam irradiates the sample surface at an angle of 45 degrees. In the experiments
described here, the size of the laser spot is approximately 30 um in diameter. To achieve this
spot size, a set of lenses are used. First a diverging lens (focal length F = -15 mm) is used to
increase the size of beam exiting the laser. The diverging beam is then focused by a set of two
converging lenses (F = 175 mm and F = 200 mm). The distance from the focusing lenses to the

sample surface is about 22 cm.

The VUV-LDPI mass spectrometer works as follows: a laser pulse desorbs molecules from
the sample surface. The desorbed neutral molecular plume starts to spread perpendicularly
from the sample surface; the plume is intersected by a synchrotron VUV beam, which is directed
parallel to the sample surface and positioned ~20-50 um above the surface. The molecules, after
being ionized by the VUV light, continue to spread unaffected until application of an extraction
electrical field pulse. The extraction pulse is applied 1 to 5 ps after the desorption laser shot.
This delay is used to accumulate more ions in the interaction region and eventually obtain mass

spectrum with a better signal to noise ratio.

To gather better statistics for the measurements, the sample is rastered and signal for each
presented data set was the sum of mass spectra collected from several fresh spots (typically 20-
40) on the sample surface. For each surface spot, the data is collected for approximately 10-100

laser shots.

The cellulose, DNA and RNA base samples (all from Sigma Aldrich) used in the current work
were prepared by dispersing the chemical compounds in methanol. Only a few drops of the
smallest, dispersed particles in the solution were deposited onto a piece of a silicon wafer and

air dried. The lignin sample was prepared by placing alkali lignin (Sigma Aldrich) into a beaker
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and adding methanol. Methanol did not dissolve all of the lignin, however a few drops of the
dissolved solution was deposited onto the silicon wafer and air dried. The humic acid sample
(International Humic Substances Society) was prepared by directly placing < 1 mg of powder
onto a silicon substrate. Several drops of methanol were applied on top of the powder to

dissolve and disperse the humic acids before being allowed to air dry.

For determination of translational energies, the sample was placed 800 um below the VUV
beam. To determine the distance precisely, a measurement of synchrotron light profile was
performed. A sample stage coordinate Z (height) was scanned and the electric current on the
sample produced by impinging VUV radiation was measured. Differentiation of the sample’s
current as a function of Z-coordinate generated a Gaussian-like light profile with a maximum
corresponding to the center of VUV beam. The stage was lowered by 800 um relative to this
coordinate. The extraction potential was changed correspondingly to maintain the extraction
field such that photoionized neutrals would experience a 2000 V potential difference from the

point of ionization to the extractor cone.

In contrast to measurements of regular mass spectra, where a short extraction pulse of 2-5
us duration is applied with a delay of 1-5 us after the desorption laser shot, translational energy
TOF distributions were measured using long, 50 us extraction pulses that were applied
simultaneously with the desorption laser shot. Therefore the motion of desorbed molecules
occursin the presence of an extraction field. Under the desorption conditions used, no
molecular prompt ions were detected. Therefore, the initial motion of the molecules is
unaffected by the presence of the extraction field. When the fast molecules reach the quasi-
continuous synchrotron VUV beam, they are ionized and immediately extracted into the TOF-
MS. Hence, due to the continuous VUV light, the distribution of molecules as a function of time
for a single laser shot can be measured. Typical TOF distributions for DNA and RNA bases are

shown in Figure 4.
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Table 1. Mean and most probable translational velocities and translational energies for
biomolecules studied in this work.

molecule T [K]® m/z Vinean [M/s]™ Vorob [m/s]™ E [eV]™™
adenine 216 135 184 163 0.019
thymine 329 126 235 208 0.028
cytosine 346 111 257 228 0.030
uracil 298 112 237 210 0.026

[a] Translational temperature, [b] mean translational velocity, [c] the most probable

translational velocity, [d] translational energy.
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Figure 1. 10.5 eV photoionization mass spectra of triacontane at various experimental

conditions: (a) thermally evaporated at 373 K and (b) laser desorbed.
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Figure 2.Temperature dependent fractional populations of triacontane parent ions (solid
line) and fragment ions (dashed line). Open and filled circles correspond to fractional population
obtained using a heating/cooling stage. The fractional population corresponding to laser
desorbed triacontane is shown by squares: fragment ions are indicated by the black open square

and parent ions by the black filled square.
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Figure 3. Photoionization efficiency curves for (a) thymine parent and (b) its fragment
m/z=83. Solid black lines correspond to the molecular beam experiment, filled black circles
correspond to thermal evaporation at 313 K and open black squares correspond to the laser

desorption postionization experiment. The arrows indicate ionization or appearance energies.
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Figure 4. Time of flight spectra for: (a) adenine, (b) thymine, (c) cytosine, and (d) uracil. The

spectra are shown together with half-space Maxwell-Boltzmann fit curves.
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Figure 5. TOF spectra for adenine, desorbed under various conditions: desorption laser peak
power density of (a) 451 MW/cm? and (b) 194 MW/cm?. The grey lines represent the fit of the
experimental data with the Maxwell-Boltzmann distribution. The dashed lines correspond to the
fit of adenine fragment m/z=119, and the main features peaking around 51.5 s correspond to
the adenine (m/z=135) signal. Translational temperatures of the adenine molecules, obtained
from the fit of experimental TOF distributions for different laser peak power densities, are
shown in panel (c). The solid line in panel (c) corresponds to the linear fit of the data and is

shown to guide the eye.
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Figure 6. (a) Optical microscope and (b) laser desorption postionization images of
photoresist features on a silicon wafer. In the optical image the dark features correspond to
photoresist and white to silicon substrate. In (b) the color corresponds to intensity of m/z=165
signal (the brighter the signal, the higher the intensity). A and B shows positions of signal

profiles shown in Figure 7 (b, c).
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Figure 7. (a) Mass spectrum of a photoresist, covering the sample used for imaging. (b) and
(c) m/z=165 signal profiles, corresponding to section A and B in Figure 7(b), correspondingly.
Solid lines in (b) and (c) are idealized feature profiles. Gray dashed line in (b) corresponds to the
fit to the experimental data accounting for the Gaussian profile of the laser intensity. (d)
Squared diameter of the desorbed area in dependence on the laser peak power. Dashed line in

(d) corresponds to fit of the experimental data with eq. (5).
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Figure 8. 10.5 eV photoionization mass spectra for laser desorbed (a) Suwannee River humic

acid, (b) lignin, and (c) cellulose.
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Graphical Abstract for the Table of Content

Don't blow me up: An imaging mass spectroscopy technique using
laser desorption and VUV postionization has been characterized. It
promises good spatial resolution and leads to minimal molecular

fragmentation.
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